Abstract A structure-based mathematical model for the remodeling of arteries in response to sustained hypertension is proposed. The model is based on the concepts of volumetric growth and constitutive modeling of the arterial tissue within the framework of the constrained mixture theory. The major novel result of this study is that remodeling is associated with a local change in the mass fractions of the wall constituents that ultimately leads to mechanical non-homogeneity of the arterial wall. In the new homeostatic state that develops after a sustained increase in arterial pressure, the mass fraction of elastin decreases from the intimal side to the adventitial side of arteries, while the collagen fraction manifests an opposite trend. The results obtained are supported by some experimental observations reported in the literature.
Introduction
Quantifying the remodeling response of healthy matured arteries to sustained changes in blood pressure is important to understand normal arterial function and to reveal potential mechanisms associated with vascular disorders. Remodeling manifests as a change in the arterial geometry and mechanical properties; these factors govern the size of the arterial lumen and thereby the amount of blood conveyed and the structural stiffness of the vessel. Results from in vivo experiments reveal that remodeling to a sustained increase in arterial pressure, under normal blood flow, leads to maintenance of the deformed inner diameter and increase in the wall thickness such that the wall shear stress and mean circumferential stress are restored to baseline values (cf. Fung and Liu 1989; Liu and Fung 1989) . Thus, remodeling results in the preservation of the local mechanical environment of the endothelial and smooth muscle cells despite the changes in the global load conditions of the artery. It is well accepted that disturbance in the local mechanical environment (caused by the altered loading) triggers a series of cellular processes, such as proliferation, hyperplasia, cell death (apoptosis or necrosis), hypertrophy, and cell migration, and also elicits imbalance between extracellular matrix synthesis and degradation. The mechanobiological response involves signaling pathways, the precise nature and control of which are not entirely known. Long-term remodeling proceeds through changes in the mechanical properties, which have been interpreted as a mechanical adaptation that tends to restore the normal arterial function under sustained hypertension (cf. Matsumoto and Hayashi 1996) .
While experimental studies reveal important descriptive information about remodeling, mathematical models offer a useful tool for testing plausible mechanisms of remodeling, designing experiments, and interpreting experimental data. There are several groups of models in the literature, which address different aspects of arterial remodeling caused by sustained hypertension. Briefly, the models based on the global growth approach consider the time variation of the zero-stress dimensions of an artery to be driven by the deviation of circumferential wall stress from homeostatic values (cf. Rachev et al. 1996 Rachev et al. , 1998 Fridez et al. 2001; Tsamis and Stergiopulos 2007) . Recently, using a global growth approach, a structure-based mathematical model for remodeling in response to sustained hypertension was proposed. The model accounts for the casual link between the stressinduced variation in the total arterial mass and the time course of the mass fractions of the basic structural constituents of the vascular tissue (Tsamis et al. 2009 ). The models adopting the volumetric growth approach consider the vessel as a collection of infinitesimal growing elements, which change their mass because of a local stress or strain deviation from certain preferred baseline values (Taber and Eggers 1996; Taber 1998a,b; Alford et al. 2008) . Finally, some models utilize the theory of constrained mixtures, consider remodeling of the individual structural constituents, and track the amount and mechanical state in which individual constituents are produced and removed (Humphrey and Rajagopal 2002; Gleason et al. 2004; Gleason and Humphrey 2004, 2005a,b) . A common characteristic of all these models is that the arterial tissue was considered mechanically homogeneous across the vessel wall before, during, and after remodeling. The only exception is the model proposed in Alford et al. (2008) , which accounts for the variation of mechanical properties across the wall, but they remain unchanged during remodeling. The common assumption adopted in the previous studies was that remodeling does not cause a radial variation in arterial composition. However, a detailed analysis of the outcomes of the remodeling process suggests an opposite conclusion. It is well documented that the mass of an artery increases during pressure-induced remodeling because of smooth muscle cell hypertrophy and enhanced synthesis of collagen fibers, while the mass of elastin remains virtually unchanged. An increase in pressure causes a deviation of wall stress across the thickness from the values under normotensive conditions. Accepting that remodeling is a local process associated with the local stress distribution, it is reasonable to assume that remodeling might cause a variable distribution of the major structural constituents across the arterial thickness. Therefore, in addition to geometrical and mechanical adaptations, it is realistic to expect that the development of mechanical non-homogeneity of the arterial wall may also occur with remodeling.
There have been very few experimental studies on the radial distribution of the basic structural constituents across the arterial wall (Feldman and Glagov 1971; Hasan and Greenwald 1995) . Similarly, only a few mathematical models incorporate mechanical non-homogeneity of the arterial wall by assuming increasing stiffness of the media from the intimal side toward the adventitial side (Taber and Humphrey 2001) or by prescribing variation of the fractions of the elastin and collagen across the wall thickness (Alford et al. 2008 ). These models, however, have not addressed the casual link between arterial non-homogeneity and the remodeling process. In this study, we built a predictive model of arterial remodeling in response to sustained hypertension that includes the effects of remodeling on mechanical non-homogeneity of the arterial tissue.
Theoretical framework
We hypothesize that remodeling causes local changes in the mass fractions of the wall constituents that ultimately lead to mechanical non-homogeneity of the arterial wall. To test this hypothesis, a mathematical model is proposed. The model includes the concepts of volumetric growth (cf. Rodriguez et al. 1994; Taber 1998b) , with constitutive modeling of the arterial tissue within the framework of the constrained mixture theory (cf. Brankov et al. 1975, Humphrey and Rajagopal 2002) .
Volumetric growth
An artery is considered to be a thick-walled cylindrical tube, which is in the state of axisymmetric strain and stress under physiological loads. The vascular tissue is modeled as a constrained mixture of smooth muscle cells and extracellular matrix comprised of elastin, collagen, and water. The mass and structure of the tissue can be altered via cell hypotrophy, misbalance between cell mitosis and apoptosis, and misbalance between extracellular degradation and synthesis. These processes are locally controlled by the local stresses in the arterial media, which in turn depend on the vessel geometry, mechanical properties, applied load, and contractile response (tone) of the vascular smooth muscle cells.
Kinematics
Consistent with the previous studies (cf. Chuong and Fung 1986), the zero-stress configuration of an artery is the openedup configuration that is taken by an unloaded arterial segment after a radial cut; the vascular smooth muscle is maximally relaxed. The zero-stress configuration β 0 represents a cylinder of length L 0 , sectorial cross-section of opening angle 0 (as defined in Chuong and Fung 1986), and radii of curvature of the inner and outer arc length R i and R o , respectively (Fig. 1) . It is assumed that in the configuration β 0 , each basic structural constituent of the arterial tissue, i.e. the elastin, collagen and, smooth muscle cells, is in the natural (stressfree) state. At time t = 0, the artery is subjected to internal pressure, axial extension to in situ deformed length, and the
